Introduction
1,3-Dihydroxyacetone (DHA) has been widely used as a precursor for synthesizing many fine chemicals in the chemical industry and as an active browning ingredient in the cosmetic industry [3, 7, 27] . Compared with chemical synthesis, the biotechnical way of DHA production is characterized by low cost and environmental friendliness. A variety of microorganisms can convert glycerol into DHA by glycerol dehydrogenase, such as Gluconobacter oxydans [15] , Escherichia coli [34] , Klebsiella aerogenes [26] and Gluconacetobacter xylinus [4] , among which G. oxydans is most widely used in DHA production at the commercial scale. The complex biosynthesis of DHA by G. oxydans was reported to involve membrane-bound glycerol dehydrogenase (GLDH, E.C. 1.1.99.22). The catalyzing enzyme was first purified and characterized by Ameyama et al. [2] . As a quinoprotein, GLDH contains pyrroloquinoline quinone (PQQ) functioning as the prosthetic group. Many polyhydroxyl alcohols have been proved as the substrates of GLDH, including mesoerythritol, propylene glycol, D-mannitol, D-arabitol, D-sorbitol, and adonitol [16] .
The increasing demand of DHA in recent years has promoted a surge of investigations and studies on enhancement of DHA production. In addition to improvement in fermentation processes [10, 11, 24] , mutation breeding of DHA-overproducing strains is also an effective method for increasing DHA production. Conventional methods of mutagenesis, like ultraviolet irradiation and microwave mutation, as well as newly developed methods, like He-Ne laser irradiation technology and ion beam implantation, have been applied to breed DHA-overproducing strains. In the study by Hu and Zheng [15] , UV-induced mutant G. oxydans ZJB11001 achieved about 40 mg/ml DHA production after 64 h of shake-flask fermentation. In another study also by Hu et al. [13] , G. oxydans ZJB09113 obtained after ion beam implantation displayed DHA production of 13.8 mg/ml. The newly isolated strain Gluconobacter frateurii CGMCC 5397 by Liu et al. [19] achieved a DHA concentration of 73.1 mg/ml in shakeflask fermentation. In the study by Ma et al. [20] , a DHA concentration of 86.33 mg/ml was achieved in shake flask by mutant G. oxydans obtained after He-Ne laser irradiation. Nevertheless, the DHA productivity achieved by those mutant strains was still not enough to meet industrial demand.
As a new plasma-generating system, atmospheric and room temperature plasma (ARTP) enjoys the advantages of low cost, feasible operations, harmlessness, and higher mutational possibility, holding great promise in biotechnological application [30] . The ARTP mutation breeding system was first successfully applied in the mutagenesis of Streptomyces avermitilis to generate mutants with high productivity of avermectins in 2009 [29] . Since then, the ARTP mutagenesis method has attracted extensive attention from researchers and been further applied in strain breeding to increase the bioproductivity of various chemicals, including butanol [9] , epsilon-poly-L-lysine [35] , and succinic acid [18] . Because of the high total and positive mutation rate as well as high hereditary stability of the resultant mutants, ARTP breeding is expected to be more extensively applied in strain modification. However, application of ARTP in mutation breeding for DHA production has not been reported.
In this study, a DHA-producing strain screened from soil samples was subjected to combined mutagenesis, including UV irradiation, ARTP, and ion beam implantation. A mutant with significantly improved productivity and genetic stability was obtained. Analysis of the biomass, mutation sites, and transcription level of the converting enzyme revealed possible reasons for the increased DHA productivity from the mutant strain.
Materials and Methods

Bacterial Strain, Media Composition, and Cultivation Conditions
The starting strain L-6 was isolated by screening a soil sample and stored at 4 o C on agar slant (yeast extract, 5 g/l; glucose, 20 g/l; glycerol, 20 g/l; CaCO 3 , 5 g/l; agar powder, 20 g/l). For DHA production, cells from the agar slant were first inoculated into 100 ml of seed medium (yeast extract, 5 g/l; glucose, 20 g/l; glycerol, 20 g/l) in a 500 ml flask. After cultivation at 30 o C and 200 rpm for 24 h, 2.5 ml of inoculum was transferred into a fermentation medium (yeast extract, 5 g/l; MgSO
, 2 g/l; glycerol, 80-120 g/l; depending on the mutagenesis method). DHA production was completed after cultivation at 30 o C and 200 rpm for 36-54 h (depending on the producing strain).
Strain Identification
According to Bergey's Manual of Sytematic Bacteriology, morphological and biochemical characterization were performed [5] . 16S rDNA was amplified from total genomic DNA by using primers 5'-AGAGTTTGATCCTGGCTCAG-3' (forward) and 5'-ACGGCT ACCTTGTTACGATTT-3' (reverse). The PCR system contained 37.0 µl of ddH The amplified fragments were sequenced and then aligned with homologous sequences from the GenBank database using the ClustalX software. A phylogenetic tree was constructed by the neighbor-joining method using the MEGA 3.1 software.
Mutagenesis Program
UV irradiation. The broth of starting strain L-6 obtained after cultivation to logarithmic phase was diluted and spread on agar plates. The plates were then irradiated under a UV lamp (18 W) for 0-210 sec to determine the survival rate and rate of positive mutation at different exposure times. UV irradiation was conducted for several rounds until positive mutants could be sparsely screened. The media for high-throughput screening and shakeflask fermentation contained 80 g/l glycerol.
Atmospheric and room temperature plasma. The mutant strain showing the highest DHA productivity and good hereditary stability after UV irradiation was further subjected to ARTP mutagenesis. The ARTP mutation breeding system (Siqingyuan, China) contains a plasma generator that can eject helium plasma consisting of different reactive species, such as oxygen atom lines, helium lines, N 2 lines, and hydroxyl (OH) molecular band [17] . First, 1 ml of bacteria culture at logarithmic phase was transferred into a sterile tube and diluted with sterile saline to reach OD 6 0 0 of 1~2. Then, 10 µl of the diluted culture was dropped onto a stainless plate and dried for 20-30 min in sterile air, and then exposed to the jet nozzle exit at a distance of 2 mm. The facility was operated under the RF power of 100 W, at the helium flow rate of 10 standard liters per minute, and time of exposure of 0 to 240 sec, with an interval of 30 sec. After exposure, the sample plate was immersed into sterile water to wash off the bacteria. The resulting bacterial suspension was spread on an agar plate for selection of single colonies and screening of high-producing strains. ARTP mutagenesis was repeated for several rounds until positive mutants could be sparsely screened. The media for highthroughput screening and shake-flask fermentation contained 100 g/l glycerol.
Ion beam implantation. A 0.1 ml sample of bacteria broth at logarithmic phase was spread on a sterile petri dish and air-dried in a biosafety cabinet. The dish was then placed in the target chamber and implanted with the N + ion beam under a dry After ion beam implantation, the cells were harvested using sterile saline water and spread onto an agar plate. Mutagenesis by the N + ion beam was repeated for several rounds until positive mutants could be sparsely screened. The media for high-throughput screening and shake-flask fermentation contained 120 g/l glycerol.
Evaluation of Survival Rate and Positive Mutation Rate
The survival rate was calculated according to the following equation: survival rate = (C 
Screening for DHA-Overproducing Mutants
Mutants with significantly increased productivity were screened with a high-throughput method as described previously [14] . Briefly, the starting strain as well as single colonies on the agar plate after mutagenesis were inoculated into the corresponding well of duplicate 96-well microtiter plates (plate X and Y) filled with 0.2 ml of medium (yeast extract, 5 g/l; agar powder, 1.5 g/l; glycerol, 80-120 g/l; depending on the mutagenesis method). The plates were then incubated at 30 o C for 24 h. Then, 60 µl of Fehling's reagent was added to each well of plate X and incubated at 25 o C for 15 min. A yellow-red color developed in the presence of DHA and a more intense color than the well of the starting strain indicated a positive mutation. Positive mutants were confirmed by fermentation in 500 ml shake flasks.
DHA and Glycerol Assay
A high-performance liquid chromatography (HPLC) method developed by Chen et al. C in an Agilent 1000 system with a UV detector set at 271 nm. The mobile phase constituted acetonitrilewater (90:10 (v/v)) at a flow rate of 1.0 ml/min. Glycerol was assayed in the same chromatographic condition except that a differential refractometer detector was used. Standard curves with good linearity were first established in the range of 2.00-12.00 mg/ml and 0.5-50 mg/ml for DHA and glycerol, respectively.
Mutant Strain Stability
For the positive mutants with significant increase in DHA productivity after each round of mutagenesis, their hereditary stability was investigated by continuous subcultures. The slant of a mutant isolate was cultivated at 30 o C for 48 h and then subcultured to a new slant, which was also cultivated at 30 o C for 48 h. Totally, 10 subsequent subcultures were performed. Bacteria of each passage were transferred into a shake flask to determine DHA productivity. The mutants obtained from the same mutagenesis method were cultured under the same condition to determine DHA productivity. Only mutants with both high productivity and hereditary stability were sent to the next round of mutagenesis.
Comparison between Starting Strain L-6 and Mutant Strain I-2-239
Biomass. Biomass was determined by cell dry weight. After centrifugation at 8,000 rpm for 10 min, cells from 50 ml of culture were washed with distilled water for 3-4 times and dried to constant weight at 105 o C. Enzymatic activity. The activity of the catalyzing enzyme was determined as described by Nabe et al. [22] . Cells at logarithmic phase were collected by centrifugation at 10,000 rpm for 10 min and washed with phosphate buffer (pH 6.0). About 100 mg of intact cells of wild strain L-6 and the mutant strain I-2-239 were respectively suspended in 1 ml of phosphate buffer (pH 6.0) and then added into 50 ml of 100 mg/ml glycerol in a 500 ml shake flask. After incubation at 30 o C and 200 rpm for 3 h, the conversion was stopped by removing the cells by centrifugation, followed by determination of DHA in the resultant supernatant by HPLC. Enzyme activity was expressed in terms of micromoles of DHA produced per hour.
Structural Modeling and Mutant Sites Analysis
Genomic DNA of starting strain L-6 and mutant strain I-2-239 was extracted according to the instructions for the bacterial genomic DNA extraction kit (Tiangen, China). The primers for glycerol dehydrogenase gene (sldAB) amplification were 5'-CCGCTCGAGATGCCGAATACTTATG-3' (forward) and 5'-ACG GCTACCTTGTTACGATTT-3' (reverse). The reaction system contained 5 µl of 10×Taq Plus buffer, 37.0 µl of ddH The structure of wild sldA (the functional polypeptide of glycerol dehydrogenase) from strain L-6 as well as its active site and ligand binding site was predicted using the online I-TASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The generated model was evaluated and validated using the Structural Analysis and Verification Server (SAVES). A Psi/Phi Ramachandran plot was obtained using PROCHECK to check the amino acid residues at disallowed regions. VERIFY-3D was used to evaluate the 3D-1D score of the model.
Transcription Assay
The transcription levels of the two polypeptides sldA and sldB of glycerol dehydrogenase were compared between strain L-6 and strain I-2-239 by using RT-qPCR. Total RNA of both strains were isolated using TRIeasy Total RNA Extraction Reagent (Yeasen Biotech, China). DNase treatment was performed on the eluted RNA to avoid residual DNA contamination. Reverse transcriptase was performed using the PrimeScript First Strand cDNA Synthesis Kit (Takara). Primers based on sldA, sldB, and 16S rRNA were designed using Primer Premier Software (ver. 5.0; Premier Biosoft International, USA), as shown in Table 1 
Results and Discussion
Identification of Isolate L-6
Morphological characterization indicated that isolate L-6 was gram negative, aerobic, rod shaped, and without production of pigment. Its colonies were milky white, round, and with irregular edges. By chemical test, the isolate was negative for indole production, nitrate reduction, gelatin liquefaction, and H 2 S formation, but positive for catalase. Based on these morphological and physiological characteristics, strain L-6 was preliminarily identified as G. oxydans. A maximum DHA productivity of 47.98 mg/ml was attained after cultivation at 30 o C and 200 rpm for 54 h. The 16S rDNA of strain L-6 was amplified and sequenced, and a fragment of 1,345 bp was obtained. Sequence homology revealed that L-6 strain was related to members of genus Acetobacter and showed highest sequence similarity to G. oxydans (99% identity). The sequence was aligned using the ClustalX software to nine 16S rDNA sequences retrieved from the GenBank database, and a phylogenetic tree ( Fig. 1) was constructed using the MEGA 3.1 software. The phylogenetic tree indicated that strain L-6 together with G. oxydans 621H (Accession No. NR_074252.1) and G. oxydans JR70-1 (Accession No. AB436557.1) formed a distinct linkage in the tree with 96% bootstrap support. The L-6 strain was identified as G. oxydans.
Screening DHA-Overproducing Mutants
Ultraviolet is an easily accessible approach for screening Fig. 1 . Phylogenetic tree based on 16S rDNA sequences of strain L-6 and other related bacteria.
Reference sequences were retrieved from GenBank and their accession numbers are as follows: NR_074252.1 (G. oxydans 621H), AB436557.1 (G. oxydans strain JR70-1), HM217965.1 (G. oxydans strain G73-3), NR_113920.1 (Gluconobacter thailandicus strain F149-1), NR_112239.1 (G. frateurii strain NBRC 3264), JF346080.1 (Gluconobacter japonicus strain Gj3), NR_114382.1 (Gluconacetobacter aggeris strain T6203-4-1a), and NR_114681.1 (Rhodospira trueperi strain ATCC 700224). Numbers on the branches represent bootstrap values for 1,000 replicates. Rhodospira trueperi strain (ATCC 700224) was used as the outgroup.
high-yield strains for industrial application. As illustrated in Fig. 2 , the survival rate declined with the increase in exposure time, and a survival rate lower than 10% was achieved after exposure for 90 sec. The highest rate of positive mutation was obtained after exposure for 120 sec. Three rounds of UV-induced mutations were performed and approximately 1,000 mutants were screened. A significantly decreased rate of positive mutations in the third mutation round indicated that the maximum potential of UVinduced mutation was achieved. After hereditary stability study, strain U-2-115 with DHA productivity of 71.4 g/l in flask culture was obtained, showing a 48.8% increase compared with the starting strain L-6. U-2-115 was then subjected to ARTP mutagenesis. ARTPinduced mutation has a totally different acting pattern on DNA. The chemical reactive species contained in the plasma jet can destroy the phosphate group in mononucleotides and further break oligonucleotides into fragments, producing a higher positive genotoxic response than traditional rays. The survival rate curve took a saddle shape (Fig. 3) , which was different from the shoulder or exponential pattern of the conventional mutagenic method. At fixed instrumentation parameters, 150 sec with the highest rate of positive mutation (26%) was selected as the optimal treatment time. ARTP mutation was conducted for two rounds to achieve the maximum potential of this method. Strain A-2-64 with DHA productivity of 90.2 g/l in flask culture was obtained, showing 26.3% and 87.9% increases compared with strains U-2-115 and L-6, respectively. This is the first reported application of ARTP in strain breeding for DHA production. Because the acting pattern on DNA is different from ultraviolet irradiation, a further increase in DHA productivity was still achieved in strains that had undergone several rounds of UV mutagenesis.
Strain A-2-64 was further subjected to N + ion beam implantation, which is characterized by wider mutation spectra for organisms and higher mutation frequency. The possible underlying mechanisms for DNA damage include charge exchange, mass deposition, and energy absorption, causing changes in cell morphology and subcellular structures as well as modifications of biological macromolecules. At fixed energy, the N + ion beam implantation dose strongly affects the survival rate. As shown in Fig. 4 , the survival rate declined sharply from 0-10 × 2.6 × 10 ions/cm 2 dose was selected as the optimal implantation dose in favor of high positive mutation rate. The death curve was very different from the curve reported by Hu et al. [13] in the screening of DHAproducing G. oxydans. Although the same species of bacteria was mutated by the same method for the same purpose, a much higher resistance to ion beam implantation was observed in the study by Hu et al., in which a survival rate lower than 10% could only be achieved when the dose exceeded 90 × 2.6 × 10 The combined mutagenesis in this study included methods with different mechanisms in producing DNA damage and thus produced extra increase in productivity than mutagenesis by any single method. The finally obtained strain I-2-239 displayed a 115.7% increase in DHA yield than starting strain (Table 1) . This is also the highest reported DHA production in shake flask fermentation so far, showing significant value in industrial application.
Comparison between Starting Strain L-6 and Mutant Strain I-2-239 DHA production, glycerol residue, and biomass during shake-flask fermentation. When cultivated under the same conditions (60 mg/ml glycerol for strain L-6 and 120 mg/ml glycerol for strain I-2-239), a much higher DHA production was achieved by strain I-2-239 (Fig. 5) . Although the biomass of strain I-2-239 has a slight edge over that of the wild strain at the end of fermentation (3.26 g/l vs. 3.03 g/l), a much steeper biomass curve in the exponential phase was observed for strain I-2-239, corresponding to earlier achievement of maximum DHA production than strain L-6 (36 vs. 54 h). These results indicated that the mutations accumulated during the combined mutagenesis did not have significant impact on cell biomass but dramatically increased the growth rate, which was especially advantageous for industrial fermentation.
Enzymatic activity. In order to determine if the catalyzing capacity of GLDH was affected by mutagenesis, the enzymatic activity of resting cells was determined. As shown in Table 2 , a higher glycerol-oxidizing activity was observed with the intact cell of strain I-2-239. Since the same cell mass was used for parallel comparison, the increase in enzymatic activity indicated that mutations accumulated in the combined mutagenesis led to increased GLDH expression or to changes in GLDH protein in favor of its catalyzing capacity. 
Structural Modeling and Mutant Sites Analysis
The GLDH genes (sldAB) of starting strain L-6 and mutant strain I-2-239 were sequenced. The full-length sldAB accounts for 2,612 bp, with 2,232 bp in sldA and 381 bp in sldB. As shown in Fig. S1 , the termination codon of sldB overlaps with the initiation codon of sldA with 1 bp. sldB codes for a 13,723 Da subunit, a hydrophobic polypeptide of 126 residues. sldA codes for another subunit of 743 amino acids with a predicted molecular mass of 79,512 Da.
The three-dimensional structure of wild sldA was generated using I-TASSER online server. The top 10 threading templates retrieved from the PDB database and used by I-TASSER all had a relatively low similarly with wild sldA. The highest homology (24%) was observed in alignment with quinohemoprotein alcohol dehydrogenase ADHIIG from Pseudomonas putida HK5 [28] . The established model with the highest C-score is shown in Fig. 6 . Ten α-helixes and 36 β-sheets can be found in this conformation. The large number of random coils appearing in this model was due to the inadequate homology between the template and the target protein. The Ramachandran plot indicates that the percentages of residues in most favored regions, additional allowed regions, and disallowed regions are 58.0%, 32.4%, and 2.9%, respectively (Fig. 7) . Evaluation by VERIFY 3-D indicated that 82.77% of the residues had an average 3D-1D score ≥ 0.2. All these data indicated that the established model is suitable for further analysis. I-TASSER is a hybrid modeling method that includes three conventions for structure modeling; namely, threading, comparative modeling, and ab initio modeling [25] . This method can give confident structure prediction even when crystal structures with high similarity are unavailable [32, 33] . As a result, a reliable model of sldA in the wild strain was generated despite of its low homology with the templates.
DNA sequences alignment of gldh in strains L-6 and I-2-239 totally identified 11 nucleotide substitutions in the mutant strain, three in sldB and seven in sldA. All these substitutions led to changes in amino acid residues except G459A. sldB and sldA code for the two polypeptides that are required for GLDH activity. Studies have shown that the catalytic activity was from the sldA polypeptide, whereas the sldB polypeptide possibly had a chaperonelike function to assist the folding of sldA polypeptide into an active form [12] . To further analyze the impact of these mutations on enzyme function, the active site residues and PQQ binding site residues of wild sldA polypeptide were predicted by I-TASSER. The predicted active site 402 was not included in these substitutions, predicting that the substitutions in the mutant sldA did not affect the catalytic capacity of the enzyme protein. The predicted PQQ binding site residues included amino acid residues 157, 201, 204, 206, 272, 287, 288, 289, 290, 338, 340, 357, 358, 404, 430, 531, 659, 723 , and 724, all in sldA. Although only residue 289 was included in the mutation sites, some other ) dependent and the other is independent and membrane bound. GLDH belongs to the latter type of enzyme, which is covalently bound to the prosthetic group PQQ, a chemical also present in some other bacterial dehydrogenases, including alcohol dehydrogenase, aldehyde dehydrogenase, and glucose dehydrogenase [1] . PQQ is involved in the oxidation-reduction reaction via transferring electrons. We speculated that the substitutions in the mutant sldA polypeptide increased the binding between enzyme protein and the prosthetic group, which was favorable for a more efficient electron transfer and thus an increased catalytic activity.
Transcription Level Analysis
To investigate if the mutations brought any impact on the transcription level of gldh, strains L-6 and I-2-239 were collected and subjected to RT-qPCR. Primers were designed against sldA and sldB to determine their relative transcription compared with endogenous control gene 16S rRNA.
Comparison with the wild strain showed 4.8-fold and 5.4-fold increases in the transcription level of sldA and sldB, respectively, in the mutant strain (Fig. 8) . Sequencing of sldAB in previous studies [12, 21] and also in our study showed that sldA and sldB were adjacent, overlapping each other between the termination codon of sldB and the initiation codon of sldA. The nearly consistent increase in transcription level of sldA and sldB appeared to support the hypothesis proposed by Hoshino et al. [12] that the two genes were likely to be transcribed polycistronically from the upstream of the sldB gene. The level of transcription, indicated by the abundance of mRNA, is directly related to enzyme expression and hence to productivity. As reported by Xu et al. [31] , increased transcription of the sorbitol dehydrogenase gene resulted in improved conversion of Lsorbose from D-sorbitol. When an extra poly(A) tail was introduced at the 3'-end of the mRNA of the sorbitol dehydrogenase gene, its transcription level was more than 6-fold higher than that of the control. A 15.9% improvement in L-sorbose production was obtained in the engineered strain although increase in enzyme activity was not significant [31] . In the study by Cornelia Gätgens et al. [8] , the glycerol dehydrogenase gene was overexpressed in G. oxydans, resulting in increased transcription level of gldh and DHA accumulation. In our study, it was speculated that the increased transcription of sldA polypeptide enhanced the catalyzing capacity of each cell unit due to the subsequent increase in enzyme expression. Although the sldB polypeptide is not directly involved in catalysis, its increased expression was supposed to be beneficial to the correct folding of the sldA polypeptide, which also accounted for the increased enzymatic activity and DHA production observed for mutant strain I-2-239.
Combined mutagenesis, including UV irradiation, atmospheric and room temperature plasma, and ion beam implantation, was employed to improve the productivity Table 4 . Sites of mutation in GLDH of strain I-2-239 relative to wild strain L-6. of DHA by G. oxydans. The starting strain with a DHA productivity of 47.98 mg/ml was screened from a soil sample. After step-by-step mutagenesis, DHA productivity of the ultimate mutant strain I-2-239 was dramatically increased. In shake-flask fermentation, DHA productivity of 103.5 g/l was achieved by the mutant strain with a starting glycerol concentration of 120 g/l, which was 115.7% higher than the wild strain. The culture time was also reduced from 54 h to 36 h. Comparative investigation between the starting strain and the mutant strain indicated that the mutations did not significantly affect biomass; however, much higher growth rate and enzyme activity were observed for the mutant strain. The 3-D structure of sldA in the wild strain was modeled using I-TASSER, and the active site residue and PQQ binding site residues were also predicted. Among the 10 amino acid substitutions identified in the mutant sldA polypeptide by sequence alignment, amino acid residue 289 was included in the predicted PQQ binding sites and several other residues were very close to the predicted sites. It was speculated that these mutations improved PQQ binding and thus the enzyme activity. The increased transcription level of both sldA and sldB was also assumed as one of the underlying reasons for the increased enzyme activity and DHA productivity in the mutant strain.
